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Abstract. We have optimized the growth parameters of the buffer layer for further
Pb, Sn Te (x > 0.4) deposition from the point of view of smoothness and crystalline quality.
The latter has the properties of a crystalline topological insulator. A three-component hetero-
structure consisting of fluorite CaF,, BaF,, and cubic Pb ,Sn ,Te:In layers was formed on the
Si(111). The surface morphology of this hybrid heterostructure was studied depending on the
growth temperature and the thickness.
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AnHotanuga. ONTHMU3UPOBAHBI POCTOBbIE TMapaMeTpbl OydepHOro MOACTOST  JUIS
JaTbHENIIET0 HaHeceHUs: TuieHOK Pb, Sn Te (x > 0.4) ¢ TOYkM 3peHMsA IJTAHAPHOCTU |
KPUCTAJUTMYECKOTO KauecTBa. TpEeXKOMIOHEHTHasl TeTepPOCTPYKTypa, COCTOSIINAs M3 CJIOEB
CaF,, BaF,, u Pb .,Sn .Te:In cpopmuposana na mosepxnoctu Si(111). M3sydeHo BiusHue
TeMIepaTypbl pOCTa U TOJIIMHBI HA MOPGHOJIOTUIO TTOBEPXHOCTU TE€TEPOCTPYKTYPHI.
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Introduction

Crystalline topological insulators (TIs) based on the Pb, Sn Te compound are promising from
the point of view of practical applications [1], due to the possibility of creating TIs with a
volume less shunting the conductivity of topological states due to the possibility of controlling
the composition (x value), in contrast to the already classical TIs based on V,VI, compounds. In
addition to controlling the composition, it is equally important to obtain low-defect Pb, Sn Te films,
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also from the point of view of reducing the shunting effect of the volume. This task is non-trivial
due to the problems that arise during the epitaxial growth of Pb, Sn Te. To ensure the presence
of conducting topological states, it is necessary to obtain a planar layer with a high crystalline
quality.

Materials and Methods

CaF, BaF, and Pb, Sn Te films were deposited on Si(111) surface with use of conventional
molecular beam eprtaxy method using a single crucible. Si mono-crystalline substrates were
cleaned by Shiraki method [2] whrch represents sequential growth and etching of an oxide
layer on the substrate. The final oxide layer was thermally eliminated in the growth chamber
with formation of Si (111) 7x7 surface reconstruction. The crystallinity and epitaxial relations
of the grown layers were controlled by in-situ reflection high energy electron diffraction
(RHEED). The surface morphology was studied using atomic force microscopy technique in
semi-contact mode.

Results and Discussion

In this work, optimization of the buffer layer for further deposition of Pb, Sn Te (x > 0.4),
which has topological properties, was carried out. For this purpose, a multilayer structure
consisting of CaF,, BaF, and Pb, ,Sn ,Te:In layers was deposited on the Si(I111) surface.
It is known that Ban/Can/ Si( lll) brnary buffer layers were used for the epitaxial growth
of Pb, Sn Te films on silicon [3]. At the same time, the height of the surface relief of the
resulting buffer layers was too high due to insufﬁcient optimization of the growth parameters
and imperfection of these layers. It is known [4] that calcium fluoride, when applied to the
(111) silicon surface by molecular beam epitaxy, forms layers of high crystalline quality,
but different surface morphology, depending on the deposition temperature. The formation
of islands of various heights and lateral sizes is possible. In this work, it was necessary to
provide the smoothest possible surface. For this, the temperature regimes and the thickness
of the calcium fluoride layer were varied. Next, a layer of barium fluoride was deposited on
the surface of calcium fluoride, providing a smoother transition in the lattice constant from
CaF, to Pb, Sn Te. Figure 1, a—g shows a number of atomic force microscopy images of a
BaF,/CaF,/Si(111) heterostructure of various configurations. A number of parameters were
determined that provide a combination of thin fluorite sublayers (which ensures their low
imperfection) with their high smoothness. It has been shown that a decrease in the growth
temperature of calcium fluoride and barium fluoride leads to a decrease in the lateral dimensions
of the islands. The smoothest surface relief is achieved at low growth temperatures (250 °C).
This correlates with the results of [5], where the high planarity of calcium fluoride films
with a thickness of a unit of nanometers deposited at a given temperature was demonstrated.
Attempts to increase the growth temperature of one of the two sublayers in order to improve
the crystalline quality lead to an enlargement of the islands and coarsening of the relief, which
is undesirable for the task of obtaining the smoothest layers posed in this work. It is also
sometimes possible to form cracks in the film due to the difference in temperature expansion
coefficients. At the same time, a fairly smooth relief is also obtained using two-stage (low and
high temperatures) growth of calcium fluoride, followed by a low-temperature deposition of
a layer of barium fluoride (Fig. 1, e). At the same time, direct deposition of a thin layer of
Pb, Sn Te on a fluorite bilayer does not provide sufficient smoothness and sufficient crystalline
quality for the formation of topological states. Good quality can be achieved only with the
help of homoepitaxial growth of this material on a sufficiently thick sublayer. In this case, it
is also necessary to achieve a low conductivity of this sublayer by doping it, which ensures the
regulation of the position of the Fermi level. The experiments performed with fluorite bilayers
made it possible to proceed to experiments with the deposition of the third buffer sublayer, the
dielectric Pb ,Sn ,Te:In. This sublayer was grown at various temperatures from 250 to 450 °C
(Fig. 1, h, and Frg 2). The experiments also showed the importance of applying large (more
than 500 nm) thicknesses of this sublayer to ensure its continuity, the absence of holes in the
film, and to achieve a high surface planarity.
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Fig. 1. Surface morphology of the BaF,/CaF, buffer layer (a—g), grown under different conditions,

and the optimized Pb,.Sn ,Te:In/BaF,/CaF,/Si(111) buffer layer (4). (a—d) BaF,and CaF, thickness

is 20 and 10 nm, respectively. Layer thicknesses are 10 and 3 nm (e), 15, 7, and 3 nm (f), 20 nm (g),
300, 15, 7, and 3 nm (h)

Figure 2 shows examples of the surface morphology of the third buffer sublayer obtained
under various conditions. The dielectric properties of this sublayer will be measured at the next
stage of work by conducting electro-physical measurements. In the future, thin (10—20 nm)
layers of stoichiometry close to Pb, Sn  Te with an excess of Sn will be deposited on this
sublayer, providing the presence of conducting topological states. The evolution of the surface
during the formation of a three-layer buffer layer was studied in situ using RHEED technique.

a) 9]
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Fig. 2. Morphology of the surface of the third buffer sublayer Pb0.7Sn0.3Te:In depending on the

growth conditions. (a) — deposition of BaF, and CaF, on the bilayer with parameters corresponding

to Fig. 1, f; (b) — the same but thinner Pb .Sn ,Te:In layer; (¢) — deposition of BaF, and CaF, on

the bilayer with parameters corresponding to Fig. 1, a; (d) — the same parameters, but a thinner
Pb,.Sn ,Te:In layer grown a lower temperature

Figure 3 shows the change in RHEED patterns upon successive deposition of 10 nm calcium
fluoride (@), 15 nm barium fluoride (b), and 1000 nm Pb .Sn ,Te:In at the initial (¢) and
final (d) moment of growth at a temperature of 250 °C. It can be seen that calcium and barium
fluorides grow in a planar manner, as evidenced by the streaks in the RHEED patterns. Further,
at the initial stage of growth, the three-dimensional (island) growth of Pb ,Sn ,Te:In occurs.
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Twinning of the reflections indicates a two-domain character of growth, which is characteristic of
a cubic crystal lattice with a (111) growth surface. In our earlier work [6], trial experiments were
carried out on the deposition of thin Pb, .Sn .Te films on Si(111) using a calcium fluoride buffer
sublayer. Epitaxial relations with respect to silicon were established: (111) Pb,.Sn  Te|(111) Si,
[121] Pb,,Sn, . Te|/[211] Si. In the present case, these relations are obviously preserved. With an
increase in the thickness of the deposited material, point reflections are replaced by streaks, which
indicate the fusion of islands (the Stranski-Krastanov growth regime) and the formation of a smooth
surface. This RHEED pattern (Fig. 3, d) is in accordance with Fig. 2, d, which indeed demonstrates
a smooth surface with characteristic dislocation glide plane exits at an angle of 60°, also characteristic
of the growth surface (111) of the cubic crystal lattice.

a) b) ¢) d)
Fig. 3. Changes in RHEED patterns upon deposition of 10 nm calcium fluoride (a), 15 nm barium fluoride
(b), and 1000 nm Pb,.Sn ,Te:In at initial (c) and final (d) moment of growth at a temperature of 250 °C

Conclusion

As a result of this work, a number of growth regimes were sorted out and growth parameters
were optimized for the three-layer epitaxial heterostructure Pb,.Sn ,Te:In/BaF,/CaF,/Si(111).
The possibility of planar low-defect growth of the third sublayer — Pb ,Sn .Te:In, is shown,
which is necessary for further homoepitaxial growth of Pb, Sn Te with an increased value of the
parameter x > 0.4 in order to obtain topological surface states.
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